Introduction {#s1}
============

Natural CD4^+^CD25^+^Foxp3^+^ T regulatory cells (Tregs) comprise only about 1--10% of the pool of CD4^+^ cells, but because they develop and maintain peripheral tolerance to autoantigens, neo-antigens, and foreign antigens [@pone.0043609-Sakaguchi1], [@pone.0043609-Wood1] they are the primary cells responsible for limiting inflammatory adaptive immune responses. Moreover, their power can extend even to curtailing immunity to pathogens [@pone.0043609-SchulzeZurWiesch1] and tumor antigens [@pone.0043609-Curiel1], [@pone.0043609-Welters1]. Although therapies aimed at enhancing or preventing Treg function are being explored across medical disciplines, an inability to identify unique requirements for Treg activation has remained a barrier to their use in the management of immunologic disease. To date, agents known to expand and activate Tregs have risked enhancing conventional T cell contamination *ex vivo* [@pone.0043609-Riley1] and conventional T cell activation *in vivo* [@pone.0043609-Shuntharalingam1]. Types of Treg-based therapies underway have included efforts to intensify immune tolerance to the autoantigen in type-1 diabetes patients [@pone.0043609-Brusko1], [@pone.0043609-Putnam1], [@pone.0043609-Battaglia1], the donor-HLA antigen in solid organ transplant recipients [@pone.0043609-Feng1], [@pone.0043609-Tang1], and the host antigen in hematopoietic cell transplant recipients with graft-versus-host-disease [@pone.0043609-Edinger1]. The approach of such therapies has been to increase Treg activity by infusing *ex vivo* expanded Tregs or by introducing biologics or small-molecule chemical compounds that promote Treg development *in vivo* [@pone.0043609-Bruno1], [@pone.0043609-Brusko2]. In addition to the aforementioned indications, efforts are underway to modify cancer immunotherapy to decrease Treg activity [@pone.0043609-Ruter1], [@pone.0043609-Welters2], since reports that conventional cancer immunotherapy may expand Tregs and accelerate tumor growth [@pone.0043609-Wei1], [@pone.0043609-Berntsen1], [@pone.0043609-Beyer1]. Collectively, the successful application of all Treg-based therapies will require a thorough knowledge of the mechanisms that control Treg function.

Treg expansion and Treg fitness both contribute to Treg effectiveness in suppressing immune responses. In particular, the cytokine IL-2 is recognized as essential to Treg expansion and survival [@pone.0043609-Cheng1]. However, its role in Treg suppressor function has been less clear [@pone.0043609-Barron1], in part because it is difficult to uncouple Treg function from Treg survival *in vivo*. The biological effect of IL-2 is mediated through its unique IL-2 receptor. The IL-2 receptor consists of three subunits: the CD25 alpha (α) chain, the CD122 beta (β) chain, and the CD132 common cytokine gamma (γ) chain [@pone.0043609-Smith1]. IL-2 binding to CD25 initiates the assembly of the high affinity IL-2 receptor signaling complex [@pone.0043609-Wang1], [@pone.0043609-Stauber1].

Studies of knock-out (KO) mice show that *in vivo* Treg development and peripheral expansion require (i) IL-2 from a Treg-extrinsic source and (ii) an intact IL-2 receptor on Treg cells, suggesting that the formation of a functional IL-2/IL-2Rαβγ quaternary complex is necessary for optimizing Treg fitness. IL-2^−/−^, IL-2Rα^−/−^, or IL-2Rβ^−/−^ KO mice have decreased numbers of natural CD4^+^CD25^+^ Tregs [@pone.0043609-Almeida1], [@pone.0043609-Malek1], [@pone.0043609-Papiernik1], [@pone.0043609-Soper1] and suffer from autoimmunity [@pone.0043609-Sadlack1], [@pone.0043609-Suzuki1], [@pone.0043609-Willerford1] or fatal lymphoproliferative disease [@pone.0043609-Soper1]. Wild-type Tregs, after adoptive transfer to IL-2Rβ^−/−^ KO mice, engraft and undergo normal homeostatic proliferation in peripheral lymph nodes [@pone.0043609-Bayer1] and rescue mice from autoimmunity [@pone.0043609-Malek2]. In contrast, wild-type Tregs, after adoptive transfer to IL-2^−/−^ KO mice, fail to expand in the periphery and fail to prevent autoimmunity [@pone.0043609-Malek1]. In spontaneous experimental autoimmune encephalomyelitis (EAE) secondary to Treg dysfunction, the adoptive transfer of CD4^+^ T cells from either wild-type or IL-2^−/−^ KO mice conferred protection from EAE, whereas adoptive transfer of CD4^+^ T cells from IL-2Rα^−/−^ KO mice did not [@pone.0043609-Furtado1]. The enforced expression in the IL-2Rβ^−/−^ KO mice of a transgenic chimeric receptor---composed of the extracellular domain of wild-type IL-2Rβ fused to the cytoplasmic domain of the IL-7Rα---rescued the IL-2Rβ^−/−^ KO mice from autoimmunity. In contrast, the transgenic expression of either the wild-type IL-7R or the chimeric receptor composed of extracytoplasmic domain of IL-7Rα fused to the cytoplasmic domain of IL-2Rβ did not [@pone.0043609-Yu1]. This failure of Tregs to thrive in the absence of a Treg-extrinsic source of IL-2 or access to the components of the IL-2 receptor that confer high affinity binding of IL-2 indicates that Tregs require an ongoing supply of IL-2 for survival.

Similarly, the *in vivo* treatment of mice with either an antibody to neutralize IL-2 or anti-CD25 triggers autoimmune disease [@pone.0043609-Sadlack1], [@pone.0043609-Suzuki1], [@pone.0043609-Willerford1]. The short-term neutralization of circulating IL-2 by anti-IL-2 monoclonal antibody reduces the number of Tregs in the periphery and elicits autoimmune gastritis in BALB/c mice and diabetes and other autoimmune manifestations in non-obese diabetic (NOD) mice [@pone.0043609-Setoguchi1]. Furthermore, administration of a relatively "lower" dose of IL-2 (complexed with anti-IL-2) promotes survival of Tregs within islets and retards the development of diabetes in NOD mice [@pone.0043609-Tang2] and prevents autoimmunity in IL-2^−/−^/Bim^−/−^ double KO mice [@pone.0043609-Barron2].

Likewise, Treg suppressor function *in vitro* requires that Tregs have intact IL-2 receptors and a Treg-extrinsic supply of IL-2. Tregs suppress proliferation of CD4^+^CD25^−^ cells as well as their transcription and secretion of IL-2; this Treg suppressor function is blocked by antibody against CD25 [@pone.0043609-Thornton1] or a combination of antibodies against CD25 and CD122 [@pone.0043609-Thornton1], [@pone.0043609-delaRosa1]. Tregs that are pre-activated and treated with supplemental IL-2 show 20-fold greater capacity for *in vitro* suppression compared with Tregs that are pre-activated in the absence of IL-2 [@pone.0043609-Thornton1], [@pone.0043609-delaRosa1]. Moreover, though treatment of Tregs with IL-2, IL-7, or IL-15 triggered STAT5 phosphorylation and increased forkhead box protein 3 (Foxp3) in Tregs, only treatment with IL-2 conferred potent suppressor function to Tregs [@pone.0043609-Wuest1].

Taken together these data favor a model whereby Treg suppressor function depends on IL-2 driving the formation of high affinity IL-2R on the Treg cell. Tregs constitutively express all three chains of the IL-2R [@pone.0043609-Malek1], [@pone.0043609-Sakaguchi2]. However, because Tregs do not produce IL-2 [@pone.0043609-Papiernik1], [@pone.0043609-Thornton1] their suppressor function is controlled through IL-2 supplied by a nearby cell [@pone.0043609-Barron1], [@pone.0043609-Yu1].

Until now the identity of that IL-2 source has not been conclusively verified. The activated non-Treg CD4^+^ cell has been touted as a logical candidate IL-2 [@pone.0043609-Setoguchi1]. This possibility is supported by the fact that *in vivo* development of Tregs occurs when the IL-2 source is restricted to other non-Treg CD4^+^ cells [@pone.0043609-Fehrvari1]. However, other studies have put forth the possibility that the IL-2 source may be a non-T cell [@pone.0043609-Wolf1] such as the dendritic cell [@pone.0043609-Sgouroudis1], [@pone.0043609-Guiducci1].

The aim of our *in vitro* experiments was to determine whether dendritic cells supply IL-2 to Tregs and, if so, the mechanism of that delivery. We demonstrate here that DCs cells are a bona fide source of IL-2 for Tregs, even in the absence of an inflammatory microenvironment. Tregs lose the ability to suppress wild-type CD4^+^CD25^−^ cells (Teff) when IL-2 from DCs is restricted, either by blocking with anti-CD25 or by substituting DCs from IL-2^−/−^ KO mice. The dendritic cells favor close interaction with Treg and preferentially transfer their IL-2 to Treg via a cell-cell, contact-dependent juxtacrine process. Thus, we identify for the first time the existence of a unique subset of IL-2-producing dendritic cells that provide Tregs with a supply of critical IL-2 needed to gain suppressor function. Furthermore, we show for the first time that dendritic cell IL-2 regulates Treg Foxp3 concentration and suppression function *in vitro*. These results provide insights that should help inform the design of interventions aimed at enhancing or inhibiting Treg function.

Results {#s2}
=======

Small subpopulation of dendritic cells constitutively produces IL-2 {#s2a}
-------------------------------------------------------------------

The observation from live-cell imaging studies that CD25 localized at the interface between some Treg-DC conjugates ([Figure 1](#pone-0043609-g001){ref-type="fig"}) prompted our investigation of DCs as a source of IL-2 to Tregs. We examined bone marrow-derived dendritic cells (BMDCs) and splenic DCs for their capacity to produce IL-2 constitutively. We first confirmed that splenic DCs and bone marrow-derived BMDCs transcribed IL-2 mRNA (not shown), using reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR). [Figure 2A](#pone-0043609-g002){ref-type="fig"} demonstrates by flow cytometry that 1.9% of gated CD11c^+^ BMDCs contained intracytoplasmic IL-2 protein. Likewise, we detected intracytoplasmic IL-2 protein in a similarly small subpopulation of splenic DCs (not shown). Using IL-2 ELISPOT assay and progressively purified DCs, we confirmed that a subset of DCs secreted IL-2 ([Figure 2B](#pone-0043609-g002){ref-type="fig"}). Progressive enrichment of CD11c^+^ cells (61% to 98% after two rounds of magnetic bead selection), increased the percentage of IL-2-secreting DCs significantly (0.04 to 1% of the DC population). In a series of experiments performed over several months on doubly-selected BMDCs or splenic DCs and shown in [Figure 2C](#pone-0043609-g002){ref-type="fig"}, the percent of IL-2-producing BMDCs ranged from 0.7 to 2.4% (mean was 1.3%±0.7, N = 7), and the percent of IL-2 producing, splenic DCs ranged from 1.2 to 2.0% (mean was 1.5%±0.4, N = 3). There was no significant difference between the percentages of IL-2 producing cells from the two sources of dendritic cells in [Figure 2C](#pone-0043609-g002){ref-type="fig"} (p = 0.62, t-test).

![CD25 localizes to Treg:dendritic cell contact site.\
Foxp3-GFP Treg cells from C.CgFoxp3tm2Tch/J mice were co-cultured with BALB/cJ splenic DCs and anti-CD3 with or without unlabeled anti-CD25 antibody. Live cell confocal imaging was performed on Treg:DC conjugates 24 h later as in materials and methods. Anti-CD25-APC was added to the cultures prior to collecting imaging data. **Left**: DIC/GFP/APC projection images of Treg:DC conjugate from culture without blocking, unlabeled anti-CD25 (upper) and culture with blocking, unlabeled anti-CD25 (lower). **Right:** The corresponding LCS-Lite analysis of the relative intensity of anti-CD25-APC (y-axis) on Treg membrane not contacting (purple) or in contact with (green) the DC across multiple z-stacks (x-axis).](pone.0043609.g001){#pone-0043609-g001}

![A small subpopulation of dendritic cells secrete IL-2 protein.\
**A:** CD11c^+^ dendritic cells contain IL-2 protein. DCs were stained for intracytoplasmic IL-2 as in materials and methods. Panels show FACS contour plots of BMDCs stained with anti-IL-2 (right) or isotype control antibody (left). The experiments were repeated with similar results. **B:** Progressive purification of CD11c^+^ dendritic cells enriches for IL-2 producing cells. The frequency of spontaneous IL-2 secreting BMDCs was measured by IL-2 ELISPOT assay as in materials and methods. Bars show mean ± SE of % IL-2-producing cells in triplicate samples of unpurified, 1X and 2X MACS-purified CD11c^+^ BMDCs. Statistical analysis was by one-way repeated measures ANOVA and Tukey\'s test for all pairwise multiple comparison procedure. **C:** Dendritic cells were doubly-purified and the percentage of IL-2-producing bone marrow-derived DCs ranged from 0.7 to 2.4% (N = 7), and the percentage of IL-2-producing splenic-derived DCs ranged from 1.2 to 2.0 (N = 3).](pone.0043609.g002){#pone-0043609-g002}

Tregs preserve dendritic cell transcription of IL-2 {#s2b}
---------------------------------------------------

We then cultured C57BL/6 DCs alone or with alloreactive Tregs from the DO11.10 mouse and measured IL-2 message by RT-qPCR. [Figure 3A](#pone-0043609-g003){ref-type="fig"} shows that IL-2 message waned as DCs were cultured alone over time but was significantly higher in cells that were co-cultured with Tregs (p = 0.038, Tukey Test). To corroborate these observations and further confirm that IL-2 was coming from the DC, we transfected BMDCs with an IL-2 promoter-driven reporter plasmid, pIL2p8.4EGFP ([Figure 3B](#pone-0043609-g003){ref-type="fig"}, left panel), which uses the 8.4 kb IL-2 promoter fragment to drive enhanced green fluorescent protein (EGFP) transcription. This method allowed us to use flow cytometry to detect individual DCs with endogenous IL-2 promoter activity. After adjusting for the 23% transfection efficiency of the cells (see [Figure 3B](#pone-0043609-g003){ref-type="fig"}, right panel), [Figure 3B](#pone-0043609-g003){ref-type="fig"}, left panel shows approximately 1% of CD11c^+^ BMDCs with endogenous IL-2 promoter activity, within the range of BMDCs that secreted IL-2 protein in ELISPOT assays in [Figure 2C](#pone-0043609-g002){ref-type="fig"}. [Figure 3C](#pone-0043609-g003){ref-type="fig"} shows a higher percentage of DCs with endogenous IL-2 promoter activity when DCs were co-cultured with Tregs compared to DCs cultured alone. Thus, by four separate readouts---IL-2 promoter activity, message, intracellular protein, and secreted protein---we conclude that a small subpopulation of DCs constitutively makes IL-2 protein. Moreover, interaction with Treg may be necessary to sustain IL-2 producing DCs.

![Tregs preserve dendritic cell transcription of IL-2.\
**A:** DO11.10 Tregs and C57BL/6 splenic DCs were cultured together or in separate tubes for 5 and 24 h, IL-2 message was measured in cultured cells by RT-qPCR as in materials and methods. Bars are the mean ± SE of IL-2 message in the cultures. Statistical analysis was by one-way repeated measures ANOVA and Tukey\'s test for all pairwise multiple comparison procedure. **B&C:** BMDCs were transfected with the IL-2 reporter plasmid (pIL2P8.4-EGFP), a negative control plasmid (pcDNA3.1/V5-His B), and a positive control plasmid to assess transfection efficiency (pAcGFP-N1). Transfectants were analyzed for IL-2-promoter activity in cells as in materials and methods. **B:** Panels show histograms of the level of promoter-driven GFP in gated CD11c^+^ cells. The experiment was repeated with similar results. **C:** pIL-2P8.4-EGFP-transfected BMDCs were cultured unstimulated or with CpG-B, with and without Treg cells for 40 h. Bars are the mean ± SE of IL-2-promter-EGFP^+^ BMDCs from two experiments.](pone.0043609.g003){#pone-0043609-g003}

IL-2-producing dendritic cells form conjugates with Treg cells {#s2c}
--------------------------------------------------------------

We performed flow cytometric analysis of BMDCs and splenic DCs from C57Bl/6-Tg-IL2p8-4 transgenic mice (gift from Ellen Rothenberg, California Institute of Technology) to define markers for the DC subset with IL-2 promoter activity. These studies showed that the subset was CD11c^+^/CD4^−^/CD8^−^/CD25^−^/CD103^−^/CD3^−^/Siglec-H^−^/CD205^−^, indicating that IL-2-transcribing DCs belong to a non-plasmacytoid, non-CD8α DC population.

In the absence of unique subset markers we relied on DCs that were transfected with the IL-2-reporter plasmid pIL2p8.4EGFP to track the behavior of DCs with IL-2 promoter activity. We then examined IL-2 promoter activity of C57BL/6 DCs that were non-conjugated or conjugated with alloreactive DO11.10 CD4^+^CD25^+^ Tregs or CD4^+^ Teff cells. [Figure 4](#pone-0043609-g004){ref-type="fig"} shows an enrichment of DCs with IL-2 promoter activity in the Treg-DC conjugates. One interpretation of these data is that IL-2-producing DCs interact preferentially with Tregs in culture.

![IL-2-producing dendritic cells form conjugates with Treg cells.\
BMDCs were transfected with IL-2 reporter plasmid (pIL2P8.4-EGFP) or control plasmids and analyzed for IL-2-promoter activity in cells as in materials and methods. pIL-2P8.4-EGFP-transfected C57BL/6 BMDCs were cultured with DO11.10 Treg cells or DO11.10 CD4^+^CD25^−^ Teff cells for 40 h. Panels show histograms of the level of IL-2-promoter-EGFP^+^ activity in gated populations: DCs conjugated with Treg or Teff cells, and non-conjugated cells.](pone.0043609.g004){#pone-0043609-g004}

Tregs intercept dendritic cell IL-2 {#s2d}
-----------------------------------

Data from [Figure 4](#pone-0043609-g004){ref-type="fig"} also suggests that IL-2 promoter activity is preserved in DCs in conjugate formation with Tregs. We then examined the effect of Tregs on IL-2 protein secretion by the DCs. We cultured C57BL/6 DCs with and without alloreactive DO11.10 Tregs in IL-2 ELISPOT plates and measured the number of IL-2-producing DCs. In addition, since it has been reported that DCs produce IL-2 in response to toll-like receptor (TLR) signals [@pone.0043609-Zanoni1], [@pone.0043609-Rogers1], [@pone.0043609-Goodridge1] we examined the effect of different TLR agonists on the DCs in our system. About 2% of freshly isolated splenic DCs ([Figure 5](#pone-0043609-g005){ref-type="fig"}, left panel) and BMDCs ([Figure 5](#pone-0043609-g005){ref-type="fig"}, right panel) secreted IL-2 constitutively. Treatment with the TLR9 agonist CpG-B increased the number of IL-2-secreting DCs ([Figure 5](#pone-0043609-g005){ref-type="fig"}), whereas treatment with the TLR4 agonist LPS (lipopolysaccharide) did not alter the number of IL-2-secreting DCs (not shown).

![Tregs interfere with dendritic cell paracrine secretion of IL-2.\
Treg interference of dendritic cell paracrine secretion of IL-2 depends on CD25. C57BL/6 splenic DCs (left) and BMDCs (right) were cultured in IL-2 ELISPOT plates unstimulated or with CpG-B, with and without DO11.10 Treg cells, anti-CD25, or isotype control, and the number of IL-2 secreting DCs was measured as in materials and methods. Bars are the mean ± SE of IL-2 secreting DCs in triplicate samples of one of six representative experiments with splenic DCs (left) and one of three representative experiments with BMDCs (right). Statistical analysis by one-way repeated measures ANOVA and Tukey\'s test for all pairwise multiple comparison procedure.](pone.0043609.g005){#pone-0043609-g005}

Tregs profoundly abrogated detection of IL-2-secreted protein by DC. We did not detect secreted IL-2 in more than a dozen experiments where Tregs were co-cultured with DCs in IL-2 ELISPOT, regardless of whether we measured constitutive, CpG-B-induced, or LPS-induced IL-2 responses ([Figure 5](#pone-0043609-g005){ref-type="fig"} and data not shown). Because IL-2 promoter activity was preserved in DCs that were conjugated to Tregs ([Figure 4](#pone-0043609-g004){ref-type="fig"}), and because CD25 localized to the interface between Treg-DC conjugates ([Figure 1](#pone-0043609-g001){ref-type="fig"}), we reasoned that DCs secrete IL-2 directly to adjacent Tregs ([Figure 5](#pone-0043609-g005){ref-type="fig"}). In further support of this interpretation, we demonstrated that the addition of anti-CD25 to co-cultures of Tregs and DCs completely restored the detection of IL-2-secreting DCs in IL-2 ELISPOT, whereas the addition of isotype control antibody had no effect ([Figure 5](#pone-0043609-g005){ref-type="fig"}). Thus, in the absence of Tregs, ELISPOT plates capture the IL-2 that DCs secrete. In the presence of Tregs, via their CD25 surface receptor, Tregs capture the IL-2 that DCs secrete.

Tregs require CD25 and cell-cell contact with dendritic cells to take up IL-2 {#s2e}
-----------------------------------------------------------------------------

Utilizing two-photon laser-scanning microscopy to characterize Treg behavior *in vivo* during development of autoimmune priming in diabetes-prone mice, Tang et. al, reported that Treg cells in pancreatic draining lymph node form stable conjugates with dendritic cells but not with CD4^+^ Teff cells [@pone.0043609-Tang3]. Therefore, we tested whether DCs formed conjugates with Tregs to allow IL-2 transfer. We transfected BMDCs with plasmids encoding IL-2-mCherry fusion protein (or control mCherry), and we performed multi-color live cell imaging with epifluorescence microscopy to track IL-2 delivery from DCs. We first examined cultures of DO11.10 Tregs that were stimulated with OVA peptide and BALB/c transfected BMDCs. DCs that were transfected with mCherry displayed the mCherry throughout their cytoplasm, whereas DCs that were transfected with IL-2-mCherry fusion protein displayed the IL-2-mCherry in intracellular vesicles (compare mCherry distribution in [Figures 6A and 6B](#pone-0043609-g006){ref-type="fig"}). [Figure 6B](#pone-0043609-g006){ref-type="fig"} shows that IL-2-mCherry was transferred to a Treg cell conjugated with an IL-2-mCherry-expressing DC. [Figure 6C](#pone-0043609-g006){ref-type="fig"} illustrates that the IL-2-mCherry was located within the Treg cell, indicating that IL-2 is endocytosed by the Treg and not merely on the cell surface. However, we also detected some IL-2-mCherry Treg cells that were not conjugated to DCs (not shown). Because the images represent a snap shot of the co-culture after 24 hours, we were not able to determine whether the later mCherry Treg cells were ever conjugated to IL-2-producing DCs.

![CD25 and cell contact dependent uptake of dendritic cell IL-2 by Treg cells.\
**A--C:** CFSE-labeled DO11.10 Tregs were stimulated with OVA peptide and different DC transfectants as in materials and methods. Panels show representative images of mCherry transfected dendritic cell (A) and IL-2mCherry transfected dendritic cell (B) in conjugate formation with Treg cell. Panels C: Three-dimensional rendering of a Treg cell localizes the IL-2mCherry to vesicles within Treg. **D&E:** DC-Treg contact facilitates IL-2mCherry transfer from DCs to Tregs that can be blocked by anti-CD25. DO11.10 CD4^+^CD25^+^ Treg or CD4^+^CD25^−^ T effector (Teff) cells were cultured in triplicate in upper chambers of transwells separated from (grey bars) or in lower chambers of transwells in contact with (black bars) BMDCs from IL-2^−/−^ B6 mice that were transfected with IL-2mCherry (DC-IL2mCh) or control mCherry (DCmCh) and analyzed by flow cytometry as in materials and methods. Indicated cultures contained anti-CD25 antibody (antiCD25). **D:** Bars are the mCherry MFI means ± SE of gated Thy1.2high cells from triplicate lower chambers (black) and upper chambers (gray). **E:** Bars are the CD25 (left panel) and mCherry (right panel) MFI means ± SE of gated Thy1.2high cells from triplicate lower chambers (black). Statistical analysis was performed by paired *t*-test for within well samples and by student t-test for between well samples. Experiment was performed three times yielding similar results, representative experiments are shown.](pone.0043609.g006){#pone-0043609-g006}

To explore the question of whether DCs transferred IL-2 to Tregs via direct cell contact we made use of the transwell system. We transfected IL-2^−/−^ BMDCs with plasmids encoding IL-2-mCherry fusion protein or mCherry, and we cultured the transfected cells in the lower chamber of transwell plates. Alloreactive DO11.10 Tregs were labeled with carboxylfluorescein succinimide ester (CFSE) and added to both lower and upper chambers. Flow cytometry was performed on the Treg from upper and lower chambers. The Tregs that were co-cultured in contact with IL-2-mCherry-producing DCs in the same lower transwell chamber ([Figure 6D](#pone-0043609-g006){ref-type="fig"}, black bars) took up significantly more IL-2-mCherry than Tregs that were cultured in the upper chamber separately from the DCs ([Figure 6D](#pone-0043609-g006){ref-type="fig"}, gray bars; compare top pair of gray and black bars, *p*\<.001). The addition of anti-CD25 to the transwell plate blocked uptake of IL-2-mCherry by Tregs co-cultured in the lower chamber in contact with IL-2-mCherry-producing DCs to the background level (Figure D, *p*\<.001). These results indicate that cell-cell contact and CD25 are required for efficient transfer of IL-2 from the DC to the Treg cell.

Compared to Tregs, there was no transfer of IL-2-mCherry to CD4^+^ Teff cells that were co-cultured in lower chambers in contact with IL-2-mCherry-producing DCs ([Figure 6E](#pone-0043609-g006){ref-type="fig"} right panel, top vs. bottom bars, *p*\<.001). This was not from lack of CD25 expression on CD4^+^ Teff cells. The level of CD25 on the stimulated CD4^+^ Teff cells in contact with IL-2-mCherry-producing DCs was the same as the level of CD25 on the Treg cells in contact with control, mCherry-expressing DCs ([Figure 6E](#pone-0043609-g006){ref-type="fig"} left panel, middle vs. bottom bars, not significant). These data suggest that IL-2-producing DCs preferentially form conjugates with Tregs to facilitate juxtacrine delivery of IL-2.

Dendritic cell IL-2 increases Treg expression of CD25 and Foxp3 {#s2f}
---------------------------------------------------------------

IL-2 increases expression of CD25 on CD4^+^ cells [@pone.0043609-Kim1] and Foxp3 in Tregs [@pone.0043609-Soper1], [@pone.0043609-Wuest1], [@pone.0043609-Murawski1]. We noted that Tregs in contact with IL-2-mCherry-producing DCs that took up IL-2mCherry expressed higher levels of CD25 than Treg cells in contact with control, mCherry-expressing DCs ([Figure 6E](#pone-0043609-g006){ref-type="fig"} left panel, top vs. middle bars, *p*\<.001). To further examine whether DC-secreted IL-2 affects Treg phenotype we compared the baseline level of CD25 and Foxp3 protein in DO11.10 Tregs that had been cultured alone with the levels of CD25 and Foxp3 protein in Tregs cultured with either wild-type or IL-2^−/−^ KO BMDCs. [Figure 7A](#pone-0043609-g007){ref-type="fig"} shows that Tregs co-cultured with wild-type DCs expressed significantly higher levels of CD25 compared with Tregs cultured alone (p = \<.001, Tukey\'s Test) or with DCs from IL-2^−/−^ mice (p = .008, Tukey\'s Test). [Figure 7B](#pone-0043609-g007){ref-type="fig"} shows that Tregs co-cultured with wild-type DCs expressed significantly higher levels of Foxp3 compared with Tregs cultured alone (p = .002, Tukey\'s Test). In contrast, there was no difference in the level of expression of Foxp3 in Tregs co-cultured with DCs from IL-2^−/−^ mice compared with Tregs cultured alone (p = 0.8, Tukey\'s Test). These data indicate a biological response to IL-2 by Tregs in culture with IL-2-sufficient DCs and provide further evidence that DCs can supply IL-2 to Tregs.

![Dendritic cell IL-2 increases Treg phenotype.\
DO11.10 CD4^+^CD25^+^ Treg cells were cultured without or with BMDCs from either WT or IL-2^−/−^ KO (on B6 background) mice in transwells and the level of CD25 (A) and Foxp3 (B) on Treg cells was measured by flow cytometry as in materials and methods. **A:** Bars are the mean ± SE of mean fluorescent intensity (MFI) of CD25 levels on Thy1.2-gated Tregs of triplicate samples from one of four representative experiments. Statistical analysis was by Tukey\'s test for all pairwise comparisons. **B:** Bars are the mean ± SE of mean fluorescent intensity (MFI) of Foxp3 levels on Thy1.2-gated Tregs of triplicate samples from a single experiment. Statistical analysis was by Tukey\'s test for all pairwise comparisons.](pone.0043609.g007){#pone-0043609-g007}

Dendritic cell IL-2 is essential for *in vitro* suppressor function of CD4^+^CD25^+^ Tregs {#s2g}
------------------------------------------------------------------------------------------

The suppressor function of mouse Tregs has been linked to their level of Foxp3. The finding that DC-secreted IL-2 increases Treg expression of Foxp3 ([Figure 7B](#pone-0043609-g007){ref-type="fig"}) raised the possibility that DC-secreted IL-2 imparts Treg suppressor function. We directly examined the effect of DC-supplied IL-2 on Treg function by conducting Treg suppressor assays with either DCs from wild-type or IL-2^−/−^ mice. We utilized two kinds of Treg suppressor assays. The first type was the standard Treg suppressor assay, which measures Treg inhibition of proliferation of polyclonally-activated CFSE-labeled conventional CD4^+^ Teff cells. CD4^+^ Teff cells proliferate to a similar degree when stimulated with anti-CD3 in the presence of syngeneic DCs from either wild-type or IL-2^−/−^ mice (84% versus 81% of cells proliferated, respectively, [Figure 8A](#pone-0043609-g008){ref-type="fig"} and [Figure 8B](#pone-0043609-g008){ref-type="fig"}, column A). The addition of syngeneic Tregs to cultures that contain wild-type DCs decreased proliferation of CD4^+^ Teff cells from 84% to 13% (85% suppression). In contrast, Tregs were minimally suppressive (3% suppression) when added to cultures that contained DCs from IL-2^−/−^ mice. These data indicate that IL-2 from DCs is required for Treg suppressor function, but not for CD3-induced proliferation of CD4^+^ Teff cells. We performed the Treg suppressor assays in systems using DO11.10 Treg cells stimulated with wild-type or IL-2^−/−^ DCs plus OVA peptide ([Figure 8B](#pone-0043609-g008){ref-type="fig"}, column B) and DO11.10 Treg stimulated with wild-type or IL-2^−/−^ DCs ([Figure 8B](#pone-0043609-g008){ref-type="fig"}, columns C and D). Across different stimulation protocols, IL-2 KO DCs rendered Tregs less suppressive of CD4+ Teff cell proliferation (42% versus 88%, p = .029, Mann-Whitney Rank Sum Test). We were unable to test the effect of anti-CD25 or exogenous IL-2 on Treg suppressor function in this system because anti-CD25 and exogenous IL-2 alter baseline proliferation of CD3-stimulated CD4^+^ Teff cells.

![Dendritic cell IL-2 regulates Treg suppression of CD4+ proliferation.\
**A:** The Panels show proliferation of anti-CD3 stimulated CFSE-labeled C57BL/6 CD4^+^CD25^−^ Teff cells co-cultured with WT or IL-2^−/−^ KO (on B6 background) BMDCs, with and without C57BL/6 Treg cells at a Treg:Teff ratio of 2.5∶10. Numbers indicate percentage of Teffs that have divided. **B:** CD4^+^CD25^−^ Teff cell proliferation was measured by flow cytometry, and the % of Treg suppression of Teff cell proliferation was calculated as in materials and methods. Bars show percent Treg inhibition of proliferation of CD4^+^CD25^−^ Teff cells that were co-cultured with IL-2^−/−^ KO (gray) or WT (black) B6 BMDCs and Tregs at Treg:Teff ratio of 2.5∶10 (A) or 1∶10 (B--D), and stimulated as specified in columns A--D and materials and methods.](pone.0043609.g008){#pone-0043609-g008}

Utilizing the second type of Treg suppressor assay, we tested Treg-mediated suppression of the late-phase of IL-2 production by CD4^+^ Teff cells. Though Tregs do not inhibit the early phase of IL-2 production by activated CD4^+^ Teff cells, Tregs have been shown to truncate IL-2 transcription and suppress the late-phase of IL-2 production by activated CD4^+^ Teff cells [@pone.0043609-Sojka1], [@pone.0043609-Thornton2]. One advantage of the second suppressor assay is that, because IL-2 production by CD4^+^ Teff cells does not depend on exogenous IL-2, we were able to test the effects of both anti-CD25 and exogenous IL-2 on Tregs in our system.

DO11.10 Tregs were added to mixed lymphocyte cultures containing DO11.10 CD4^+^ Teff cells (responder cells) and allogeneic BMDCs or splenic DCs (stimulator cells) from B6 mice, and the ability of Tregs to suppress the late phase of IL-2 secretion by DO11.10 CD4^+^ Teff cells (beyond 24 h) was measured by ELISPOT. CD4^+^ Teff cells showed similar late-phase IL-2 response when stimulated with allogeneic DCs from either wild-type or IL-2^−/−^ B6 mice ([Figure 9A&B](#pone-0043609-g009){ref-type="fig"}, compare black bars). Thus, CD4^+^ Teff function is independent of DC IL-2. Tregs suppressed IL-2 secretion by alloreactive DO11.10 CD4^+^ Teff responder cells by more than 95% when added to mixed lymphocyte cultures that contained allogeneic wild-type C57BL/6 DCs. In contrast, Tregs showed no suppression of alloreactive DO11.10 CD4^+^ Teff cells when added to cultures that contained allogeneic IL-2^−/−^ B6 DCs ([Figure 9A&B](#pone-0043609-g009){ref-type="fig"}, compare gray bars). These data indicate that *in vitro* Treg suppressor function depends entirely on IL-2 supplied by DCs, but not on IL-2 produced by Teff CD4^+^ cells.

![Treg suppression of the MLR-IL-2 response requires dendritic cell IL-2.\
Panels A--F show Treg suppression of IL-2-secreting cells in primary MLR cultures. MLR cultures of DO11.10 CD4^+^CD25^−^ cells and allogeneic DCs from WT or IL-2^−/−^ KO littermates were incubated overnight with or without DO11.10 Tregs, washed, and transferred to IL-2-ELISPOT plates to measure IL-2-secreting cells as per materials and methods. **A&B:** Tregs fail to suppress MLR-IL-2 response in cultures containing IL-2^−/−^ KO DCs. Bars are mean ± SE IL-2 producing cells/culture from N = 5 independent experiments with splenic DCs (A) and N = 3--4 independent experiments with BMDCs (B). \* indicates *p*\<.001 (A) and *p*\<.005 (B) compared with all other conditions, Holm-Sidak method of multiple pairwise comparison. **C&D:** Anti-CD25 blocks Treg suppression of MLR-IL-2 response. MLR cultures of DO11.10 CD4^+^CD25^−^ cells and allogeneic WT splenic DCs (C) or BMDCs (D), with or without Treg, were treated with anti-CD25 or isotype control antibody, washed, then transferred to IL-2-ELISPOT plates as in material and methods. C: Symbols are mean ± SE IL-2 producing cells/culture from N = 6 independent experiments. \* indicates *p*\<.001, anti-CD25 versus isotype control, Holm-Sidak method of multiple pairwise comparison. D: Symbols are mean ± SE IL-2-producing cells of triplicate cultures from one of four representative experiments. \* indicates *p*\<.001, Treg treatment groups anti-CD25 versus isotype control, Tukey\'s test for all pairwise multiple comparison. **E&F:** Exogenous IL-2 restores Treg suppression of MLR cultures containing IL-2KO DCs. MLR cultures of DO11.10 CD4^+^CD25^−^ cells and allogeneic IL-2^−/−^ KO splenic DCs (E) or BMDCs (F), with or without Treg, were treated with exogenous IL-2, washed, then transferred to IL-2 ELISPOT plates as in material and methods. Symbols are mean ± SE IL-2 producing cells of triplicate cultures from one of three representative experiments. \* indicates *p*\<.001, IL-2 treatment DC/CD4eff + Treg versus DC/CD4eff control, Tukey\'s test for all pairwise multiple comparison.](pone.0043609.g009){#pone-0043609-g009}

The addition of anti-CD25 to cultures containing alloreactive DO11.10 CD4^+^ Teff cells and wild-type allogeneic DCs did not alter the IL-2 response by CD4^+^ Teff cells ([Figure 9D](#pone-0043609-g009){ref-type="fig"}, compare open and closed triangles). In contrast, the addition of anti-CD25 blocked the Treg-mediated suppression of the late-phase IL-2 response by CD4^+^ Teff cells ([Figure 9C&D](#pone-0043609-g009){ref-type="fig"}, compare open and closed circles). The addition of exogenous IL-2 to the mixed lymphocyte cultures containing alloreactive DO11.10 CD4^+^ Teff cells and DCs from IL-2^−/−^ (B6 background) mice did not change their late-phase IL-2 response ([Figure 9E&F](#pone-0043609-g009){ref-type="fig"}, compare triangles). In contrast, the addition of exogenous IL-2 at doses that exceeded 500 U/ml restored Treg-mediated suppression of CD4^+^ Teff cells\' late-phase IL-2 response ([Figure 9E&F](#pone-0043609-g009){ref-type="fig"}, compare circles). These data confirm that Tregs require IL-2 from DCs to attain suppressor function. Moreover, in the absence of IL-2-producing DCs, the recovery of Treg suppressor function requires exogenous IL-2 at concentrations higher than 500 U/ml, suggesting that DCs utilize spatial control to target delivery of relatively higher concentrations of IL-2 to Tregs.

Discussion {#s3}
==========

Our data demonstrate a mechanism whereby dendritic cells play a vital role in controlling Treg cell suppressor function *in vitro* by supplying essential IL-2 to Tregs. First, we show that a subset of dendritic cells constitutively secrete IL-2. Second, we show Tregs consume DC IL-2, as evident by the increased expression of CD25 and Foxp3 by Tregs cultured with IL-2-sufficient dendritic cells. Third, we show that dendritic cells provide the essential source of IL-2 to Tregs via cell-cell contact and CD25-dependent juxtacrine delivery. Finally, we show that IL-2 from dendritic cells regulates Treg suppression *in vitro*.

A subset of dendritic cells constitutively secretes IL-2 {#s3a}
--------------------------------------------------------

Freshly isolated mouse splenic and bone marrow-derived dendritic cells constitutively secreted IL-2 protein in IL-2 ELISPOT plates ([Figures 2B&C](#pone-0043609-g002){ref-type="fig"} and [5](#pone-0043609-g005){ref-type="fig"}). The IL-2 ELISPOT specifically detected IL-2 protein, since dendritic cells from IL-2 knockout mice produced no IL-2 spots when cultured on IL-2 ELISPOT plates, nor did wild-type dendritic cells produce spots when cultured on plates that were coated with an irrelevant isotype control antibody (not shown). Stimulation of either splenic or bone marrow-derived dendritic cells with CpG-B consistently enhanced IL-2 production ([Figure 5](#pone-0043609-g005){ref-type="fig"}). We confirmed that dendritic cells were the source of the IL-2 by intracellular detection of IL-2 protein ([Figure 2A](#pone-0043609-g002){ref-type="fig"}) and IL-2 promoter activity ([Figure 3B](#pone-0043609-g003){ref-type="fig"}) in CD11c^+^ cells. We observed IL-2 promoter activity in bone marrow-derived CD11c^+^ dendritic cells that were transfected with either the pIL2P8.4EGFP ([Figure 3B](#pone-0043609-g003){ref-type="fig"}) or the pIL2P7.4→EYFP (not shown) reporter constructs---both constructs with sense IL-2 promoter fragments driving expression of fluorescent protein in the cell---but not in dendritic cells that were transfected with an anti-sense IL-2 promoter construct (not shown).

To our knowledge ours is the first report of constitutive secretion of IL-2 by splenic dendritic cells and bone marrow-derived DCs. Granucci et al. first reported that dendritic cells produce IL-2. Their gene expression microarray studies of bone marrow-derived dendritic cells revealed upregulated IL-2 message in dendritic cells that were stimulated with gram-negative bacteria [@pone.0043609-Granucci1]. Subsequently Granucci et al. showed that stimulating bone marrow-derived or splenic dendritic cells through CD40 or with various microbial products that signal through TLR 2, 4, or 9, increases IL-2 transcription and secretion [@pone.0043609-Granucci2]. Other investigators have independently confirmed that LPS-matured bone marrow-derived dendritic cells produce IL-2 [@pone.0043609-Sgouroudis1], [@pone.0043609-Sauma1]. Marguti et al. further reported that co-culture with allogeneic apoptotic cells induces IL-2 production by immature dendritic cells and enhances IL-2 production by mature dendritic cells [@pone.0043609-Marguti1]. However, these studies did not report any IL-2 production by unstimulated dendritic cells. An important implication of our finding is that IL-2-producing dendritic cells may control Treg fitness *in vivo* even in the absence of infection or other danger signals.

Our use of the ELISPOT assay, a more sensitive assay than ELISA [@pone.0043609-Chen1], [@pone.0043609-Ekerfelt1], likely enhanced our ability to detect IL-2-producing dendritic cells in the absence of any stimulation. We did not detect IL-2 in any culture supernatant using the ELISA assay (not shown), whereas we consistently detected IL-2-producing DCs by ELISPOT. We found it necessary to modify the ELISPOT assay to detect IL-2-producing DCs. Culturing the DCs directly in the ELISPOT plates optimized detection of IL-2 spots. No spots were detected if we pre-cultured the DC preparations in tubes overnight and washed the cells before transfer to ELISPOT plates (not shown)---the method used to detect IL-2-producing T cells. Although IL-2-producing DCs were detected, as yet other unique markers for these cells have not been identified.

Conversely, two groups were unable to measure IL-2 message or protein in bone marrow-derived dendritic cells, whether or not DCs were matured with LPS [@pone.0043609-Brinster1], [@pone.0043609-Fehrvri1]. The inconsistent reports of IL-2 production by dendritic cells may be explained by differences in DC culture conditions. Sauma et al. demonstrated that adding IL-4 during the differentiation of bone marrow-derived dendritic cells inhibits IL-2 secretion by the dendritic cells [@pone.0043609-Sauma1]. Of note, investigators who matured bone marrow-derived dendritic cells with IL-4 did not detect IL-2 [@pone.0043609-Brinster1], [@pone.0043609-Fehrvri1], whereas investigators who omitted IL-4 during differentiation or maturation detected IL-2 [@pone.0043609-Granucci1], [@pone.0043609-Granucci2], [@pone.0043609-Sauma1], [@pone.0043609-Marguti1], [@pone.0043609-Yamazaki1]. Similarly, we omitted IL-4 from our bone marrow-derived culture conditions and detected IL-2-producing dendritic cells.

Tregs consume dendritic cell IL-2 {#s3b}
---------------------------------

The expansion of Tregs depends on a paracrine source of IL-2 [@pone.0043609-Cheng1]. Reports that dendritic cells trigger Treg cell proliferation *in vitro* in the absence of exogenous IL-2 raise the possibility that dendritic cell IL-2 may control Treg proliferation *in vitro* and Treg expansion and homeostasis *in vivo*. Guiducci et al. showed that Treg proliferation *in vitro* and Treg survival *in vivo* depends on IL-2 secretion from dendritic cells, which is prompted by CD40-CD40L interaction between dendritic cells and Tregs [@pone.0043609-Guiducci1]. Suffner et al. reported that adoptively transferred Tregs divided less in DC-depleted recipient mice [@pone.0043609-Suffner1]. Sgouroudis et al. reported higher IL-2 transcription in LPS-matured BMDCs from the diabetes-protective NOD.B6 *Idd3* congenic mouse compared to BMDCs from the diabetes-prone NOD mouse [@pone.0043609-Sgouroudis1]. *In vitro*, Tregs from either disease-prone or disease-resistant mice proliferate more to NOD.B6 *Idd3* BMDCs compared to NOD BMDCs, and anti-IL-2 blocks the proliferation. Moreover, *in vivo* priming with NOD.B6 *Idd3* BMDCs expands Foxp3^+^ Treg cells in the draining pancreatic lymph node of recipient NOD congenic mice [@pone.0043609-Sgouroudis1]. Yamazaki et al. showed that dendritic cells produce IL-2 and expand Treg cells in culture, but they dismissed dendritic cells as the paracrine source of IL-2, finding no difference in Treg proliferation in response to wild-type or IL-2 knockout dendritic cells. They concluded that a contaminating T-cell population was the source of the small amounts of IL-2 measured in the cultures that contained IL-2 knockout dendritic cells [@pone.0043609-Yamazaki1]. Marguti et al. similarly found that dendritic cells produce IL-2 and expand Tregs in culture. These investigators did not determine the identity of the IL-2 source in their cultures but speculated it to be activated CD4^+^ cells [@pone.0043609-Marguti1]. Brinster and Shevach also reported that dendritic cells induce Treg proliferation. However, unable to detect IL-2-producing dendritic cells, they concluded that DC-driven proliferation of Tregs was primarily independent of IL-2 [@pone.0043609-Brinster1].

Data from [Figure 5](#pone-0043609-g005){ref-type="fig"} are consistent with a CD25-mediated consumption of dendritic cell IL-2 by Tregs. These data provide compelling *in vitro* evidence in favor of the dendritic cell as the important source of IL-2.

Dendritic cell IL-2 regulates Treg suppressive function *in vitro* {#s3c}
------------------------------------------------------------------

Darrasse-Jèze et al. showed that ablation of dendritic cells *in vivo* caused progressive loss of Tregs and of Foxp3 expression in Tregs as well as the development of autoimmunity [@pone.0043609-DarrasseJze1]. Though the authors speculated that the mechanism by which dendritic cells sustain Treg homeostasis involves DC expression of MHC class II, the finding that *in vivo* the DC levels are proportional to the level of Foxp3 expression in Tregs [@pone.0043609-DarrasseJze1] is consistent with the model that Treg functional fitness is maintained by IL-2-secreting dendritic cells. Under some experimental conditions, other DC cytokines (e.g., IL-15) can support Treg proliferation [@pone.0043609-Koenen1]. Unlike Treg proliferation, Treg function depends more exclusively on IL-2. Wuest et al. recently compared the *in vitro* suppressor function of Tregs that were pre-activated with different common, gamma-chain family cytokines: IL-2, IL-7, IL-15, and IL-21. Although IL-2, IL-7, and IL-15 each triggered STAT5 phosphorylation and upregulated Foxp3 in Tregs, only Tregs that were incubated with IL-2 showed potent inhibitory function [@pone.0043609-Wuest1]. If Tregs require IL-2 for their suppressor function, then the finding that wild-type Tregs effectively suppress IL-2-deficient T-cells [@pone.0043609-Wolf1] lends credence to a non-T-cell source of IL-2, such as dendritic cells.

Natural Tregs are known to express high levels of IL-2 receptor alpha chain (CD25) [@pone.0043609-Piccirillo1]. [Figure 7](#pone-0043609-g007){ref-type="fig"} clearly demonstrates that Tregs require DC IL-2 to upregulate CD25, and Foxp3 levels are maintained at a higher level when Tregs are cultured in the presence of IL-2-sufficient dendritic cells. Tregs failed to upregulate CD25 upon stimulation with IL-2^−/−^ dendritic cells, ruling out autocrine IL-2 signaling from the Treg as the source driving CD25 expression. [Figures 8](#pone-0043609-g008){ref-type="fig"} and [9](#pone-0043609-g009){ref-type="fig"} clearly demonstrate that Tregs require dendritic cell IL-2 to exhibit suppressor function. Tregs failed to suppress wild-type CD4^+^ Teff cells when IL-2^−/−^ dendritic cells are substituted for wild-type dendritic cells in [Figure 9](#pone-0043609-g009){ref-type="fig"}. Moreover, data presented in [Figure 9](#pone-0043609-g009){ref-type="fig"} rule out contaminating CD4^+^ Teff cells as the paracrine source of IL-2 in our *in vitro* system. Of note, although CD4^+^ Teff cells secreted IL-2 in cultures with IL-2^−/−^ DCs, this IL-2 did not appear to be sufficient for Treg function. Instead, exogenous IL-2 was needed to restore the suppressor function of Treg ([Figure 9E&F](#pone-0043609-g009){ref-type="fig"}). Our data herein identify the dendritic cell as the necessary supplier of IL-2 to manifest Treg suppressor function.

The Tregs in all of our experiments were stimulated through their TCR, either with anti-CD3, OVA peptide, or alloantigen. Therefore we have not formally tested whether IL-2 from DCs can impart Treg suppressive function independent of TCR signaling. Although IL-2 stimulation of CD25 promoter activity has been shown without TCR signaling [@pone.0043609-Kim1], it seems implausible that Tregs would gain suppressor function in the absence of TCR activation [@pone.0043609-Ohkura1].

The ability of IL-2-producing DCs to equip Tregs for suppressive function *in vivo* remains to be determined. Our results do not rule out the possibility that IL-2-producing BMDCs may be an artifact of the *in vitro* culture conditions for generating BMDCs. However, that we find IL-2-producing DCs in freshly isolated spleen ([Figures 2C](#pone-0043609-g002){ref-type="fig"} and [3A](#pone-0043609-g003){ref-type="fig"}) lends credibility to the existence of such cells *in vivo*. Furthermore, reports by Sgouroudis et al. that LPS-matured BMDCs secrete IL-2 enabling them to expand Treg cells *in vivo* [@pone.0043609-Sgouroudis1] add promise that our *in vitro* findings will have *in vivo* significance.

Delivery of essential IL-2 to Tregs facilitated by DC-Treg cell-cell contact and CD25 {#s3d}
-------------------------------------------------------------------------------------

IL-2-producing dendritic cells showed a preference for conjugate formation with Treg cells compared with CD4^+^ Teff cells ([Figure 4](#pone-0043609-g004){ref-type="fig"}). Onishi et al. previously noted that compared with CD4^+^ Teff cells, Tregs are much more efficient in forming conjugates with DCs *in vitro* and outcompete Teff cells in this process in mixed co-cultures [@pone.0043609-Onishi1]. Tang et al. reported that Treg cells form lasting and stable conjugates with CD11c^+^ DCs in pancreatic draining lymph node of NOD mice following priming with autoantigen [@pone.0043609-Tang3]. Importantly, that Tregs rarely encounter Teff but readily engage antigen bearing dendritic cells prior to the inhibition of Teff activation by dendritic cells, places the dendritic cells at the center of Treg cell function in vivo [@pone.0043609-Tang3]. It is intriguing that the most IL-2-producing DCs are contained within the Treg-conjugated DCs ([Figure 4](#pone-0043609-g004){ref-type="fig"}). Perhaps Treg and IL-2-producing cells express unique sets of chemokines and chemokine receptors that promote special chemoattraction between these two relatively sparse populations, such that IL-2-producing dendritic cells and Tregs seek out each other. Indeed, unique chemokine receptor and ligands utilized between DCs and Tregs have been reported [@pone.0043609-Muthuswamy1].

Because IL-2 transcription is preserved in DCs in conjugate formation with Tregs, yet DC secretion of IL-2 onto ELISPOT plates is not seen, we speculate that IL-2 secretion is redirected towards Tregs in contact with the DCs. We explored this possibility using genetically-modified dendritic cells that constitutively secrete an IL-2-mCherry fusion protein. The imaging and flow cytometry studies in [Figure 6](#pone-0043609-g006){ref-type="fig"} confirmed that DCs preferentially deliver IL-2 to Treg cells and not Teff cells. Epifluorescence microscopy of the DC-Treg conjugates showed IL-2mCherry inside both DCs and Tregs in a vesicular-like distribution pattern ([Figure 6B&C](#pone-0043609-g006){ref-type="fig"}). The IL-2mCherry distribution pattern in the Tregs is consistent with receptor-mediated IL-2 cytokine endocytosis and post-endocytosis receptor-ligand complex processing [@pone.0043609-Hmar1], [@pone.0043609-Yu2]. Moreover, contact between DCs and Tregs facilitates IL-2 uptake by Tregs ([Figure 6D](#pone-0043609-g006){ref-type="fig"}). This process depends on expression of CD25 on the Treg, because antibody against CD25 ablated the transfer of IL-2mCherry from DCs to Tregs.

Our data suggest that Tregs are uniquely capable of uptake of IL-2 from dendritic cells and utilize a cell-cell contact to facilitate this process. Altogether these data expand on the current knowledge of IL-2 requirement for Treg fitness and function and document a crucial role for cell-cell contact with dendritic cells and CD25 on Tregs for IL-2 delivery to Tregs. It is known that Tregs require lower concentrations of IL-2 than Teff cells for in vivo expansion [@pone.0043609-Tang2]. This may be accomplished in part by a subset of dendritic cells with the ability to spatially control the concentration and target of IL-2 secretion.

Next steps towards immunotherapeutic applications {#s3e}
-------------------------------------------------

To build on this understanding, future experiments are needed to determine the phenotype(s) of IL-2-producing dendritic cells and why these cells prefer conjugate formation with the Tregs. A next step to regulate the supply of IL-2 to Tregs will be to elucidate the mechanism that sustains DC transcription of IL-2. Furthermore, potential clinical applications of these findings will depend on whether IL-2-producing DCs regulate Treg function *in vivo* as well as whether similar DCs exist in humans to control Treg function. *In vivo* studies by Tang et al. support this line of investigation; they found Treg-DC contact preceded the inhibition of Teff cell activation by dendritic cells [@pone.0043609-Tang3]. Additional studies utilizing DC-lineage-specific IL-2 knock-out and knock-in mice should address the *in vivo* relevance of our findings.

Even so, our *in vitro* findings warrant the immediate consideration of a few practical applications. To our knowledge immunotherapy protocols utilizing dendritic cells that have been manipulated *ex vivo* to become immunogenic or tolerogenic have not addressed the potential of IL-2-producing DCs to activate immunosuppression by Tregs [@pone.0043609-Kalantari1]. We recommend that dendritic cells used in immunotherapy for cancer (or infectious diseases) be routinely screened for IL-2-producing DCs because inadvertent delivery of IL-2-producing DCs may undermine the effectiveness of DC-based therapy by promoting Treg suppressor function. Secondly, because we were able to increase Foxp3 message by co-culturing Tregs with IL-2 transfected DCs, we suggest that this methodology may offer an alternative approach to preferentially expand Tregs over Teff cells *ex vivo.*

Summary {#s3f}
-------

We show that a subset of dendritic cells constitutively secretes IL-2. We show this DC-produced IL-2 is delivered to and consumed by natural Tregs *in vitro*. We also show a juxtacrine mechanism enables the preferential delivery of IL-2 to Tregs, but not to Teff cells. Furthermore, we show that dendritic cell IL-2 is essential for acquisition of Treg suppressor function *in vitro*. These discoveries expand our knowledge of IL-2 requirement for Treg fitness and function and may help inform future experiments aimed at designing interventions to enhance or inhibit Treg function.

Materials and Methods {#s4}
=====================

Mice and cell lines {#s4a}
-------------------

C57BL/6, C.CgFoxp3tm2Tch/J, BALB/cJ mice, DO11.10 TCR transgenic breeding pairs and B6.129P2-Il2*^tm1Hor^*/J heterozygous breeding pairs were purchased from The Jackson Laboratory (Bar Harbor, ME) and bred at The University of Iowa Animal Care Facilities. Wild-type IL-2 sufficient mice (WT) and homozygous IL-2^−/−^ mice were identified from litters by genotyping tail DNA. The transgenic DO11.10 TCR recognizes OVA peptide 323--339 with H-2^d^ [@pone.0043609-Murphy1] and the alloantigen H-2^b^ in the absence of OVA peptide [@pone.0043609-Liu1], [@pone.0043609-Rigby1]. C57Bl/6-Tg-IL2p8-4 transgenic mice were kindly provided by Drs. M. Yui and E. Rothenberg, California Institute of Technology [@pone.0043609-Yui1]. C57BL/6-Tg-IL2p8-4 mice have 3 copies of the IL2p8-EGFP transgene and have been useful for tracking IL-2 positive cells through the expression of IL-2 promoter-driven EGFP [@pone.0043609-Yui2]. All studies were conducted using protocols reviewed and approved \#0591101, 0890902 by the Veterans Affairs and The University of Iowa Institutional Animal Care and Use Committee and in accordance with the Guide to the Care and Use of Laboratory Animals and the Animal Welfare Regulations (CFR, Title 9, Chapter 1, Subchapter A).

Dendritic cell and CD4^+^ cell subset purification {#s4b}
--------------------------------------------------

Dendritic cells were purified from single-cell suspensions of splenocytes or BMDC cultures from indicated mice by one or two passes through AutoMACS using the Pan DC isolation kit (Miltenyi Biotec, Auburn, CA, USA) according to manufacturer\'s specifications. Enriched splenic DCs and BMDCs were blocked with anti-CD16/CD32 then stained with CD11c-APC (both eBioscience, San Diego, CA, USA) and analyzed for CD11c^+^ by flow cytometer. After 2 passes DCs purity (CD11c^+^) was 97--99%. For BMDCs, bone marrow was harvested from mouse tibias and femurs and grown in complete DMEM (Dulbecco\'s modified Eagle\'s medium) for 6 d with intermittent feeding every 48 h with 20 ng/mL GM-CSF (Miltenyi Biotec).

CD4^+^CD25^+^ (Treg) and CD4^+^CD25^−^ (Teff) populations were obtained from spleen cell suspensions from indicated mice using AutoMACS and the mouse Treg isolation kit (Miltenyi Biotec) according to manufacturer\'s specifications. FACS analysis of the subset populations showed CD4^+^CD25^+^ purity \>97--98%.

Dendritic production of IL-2 {#s4c}
----------------------------

To detect intracytoplasmic IL-2 protein in dendritic cells, purified C57BL/6 or WT BMDCs were cultured 5 h with golgistop (eBioscience) followed with straining with Live/Dead Fixable Violet dead cell stain kit for 405 nm excitation (Invitrogen, Life Technologies). Cells were surface stained with anti-CD11c-APC, CD8a-FITC, CD205-PE-Cy7 then intracellular stained with anti-IL-2-PE or isotype control Rat IgG2b-PE (all antibodies from eBioscience) and analyzed by flow cytometry.

To detect secreted IL-2 protein, purified spleen DCs or BMDCs (10^4^/well) from C57BL/6 were cultured directly in IL-2-coated ELISPOT plates. Whatman ELISPOT plates were pre-coated with IL-2 capture antibody JES6-IA12, 2 µg/ml (eBiosciences) for O/N in 4°C. Plates were blocked with 150 µl/well 1xPBS-BSA 5% for 45 min at room temperature (RT), conditioned with 150 µl/well complete DMEM for 45 min at RT and then washed 4 times with 1XPBS before use. Dendritic cells were then cultured in ELISPOT plates for 24 h at 37°C in complete DMEM media, or in media supplemented with LPS (E Coli strain 0127:B8, 1 µg/ml, Sigma-Aldrich, St. Louis, MO, USA), CpG-A or CpG-B (each 1 µg/ml and kindly provided by Dr. Petar Lenert, The University of Iowa). In some experiments DO11.10 Tregs were added 1∶1 with C57BL/6 splenic DCs and BMDCs with or without anti-CD25 (PC61) or isotype control antibody Rat IgG1 (both BD Biosciences, San Diego, CA, USA), final concentration 3--30 µg/ml. IL-2 ELISPOT plates were thoroughly washed with 1xPBS 24 h later and IL-2 spots were detected using JES6-5H, 100 µl/well (eBioscience) for O/N at 4° C, then goat anti-rat Biotin-HRP (Sigma-Alrich) for O/N at 4°C, then AEC (3-amino-9-ethylcarbazole, Sigma-Aldrich) substrate as described [@pone.0043609-Rigby1]. Spots were counted and analyzed with the ImmunoSpot analyzer (Cellular Technology Limited, Shaker Heights, OH, USA).

To detect IL-2 message, total RNA was isolated (RNeasy, Qiagen, Valencia, CA, USA) from C57BL/6 splenic DCs or BMDCs and cDNA was synthesized from 100 ng RNA/sample using Invitrogen SuperScript First strand synthesis system. IL-2 transcription was measured by RT-qPCR on triplicate samples using FAM tagged mouse IL-2 primers (Mm00434256_m1, Applied Biosystems) and ABI PRISM 7700 Sequence Detection System according to manufacturer\'s protocols. Samples were standardized for GAPDH VIC-TAMARA and quantification of the gene of interest is given by 2 -- delta Ct, where delta Ct is obtained by calculating the difference between Ct of the gene of interest and GAPDH. In one experiment C57BLl/6 splenic DCs and DO11.10 Treg cells were cultured in separate tube or together at 1∶1 for 5 and 24 h. The Tregs and DCs from separate tubes were combined and cells were immediately harvested from cultures for detection of IL-2 message by RT-qPRC.

To detect IL-2 promoter activity in dendritic cells, C57BL/6 or WT BMDCs were transfected with the IL-2 promoter-driven EGFP reporter plasmid (pIL2P8.4EGFP, kindly provided by Dr. Ellen Rothenberg, California institute of Technology, Pasadena, CA, [@pone.0043609-Yui1]), negative control plasmid pcDNA3.1/V5-His B (Invitrogen, Grand Island, NY, USA), and positive control plasmid pAcGFP-N1 (ClonTech Laboratories), using Lonza/AMAXA-Immature DC Nucleofection Kit (Allendale, NJ, USA) according to manufacturer\'s specifications, and 24--40 h later cells were stained with anti-CD11c-PE-Cy7 (eBioscience) and analyzed for GFP^+^/CD11c^+^ or EGFP^+^/CD11c^+^ double positive cells using a BD LSR flow cytometer and FlowJo software (Tree Star, Inc., Ashland, OR). Transfection efficiency was determined by the percentage of GFP^+^ DCs in BMDCs that were transfected with pAcGFP-N1 and ranged from 15--35% in all experiments. In some experiments C57BL/6 transfectants were stimulated with CpG-B (1 µg/ml) and/or co-cultured with DO11.10 Treg or DO11.10 CD4^+^CD25^−^ cells at a 10∶1 ratio of Treg:DC or Teff:DC, and cells were stained with anti-CD11c-APC, anti-Thy1.2-PE-Cy7, and anti-CD25-PE (all from eBioscience). Multiparameter gating was used to measure IL-2 promoter-driven EGFP activity in different conjugated and nonconjugated populations.

Treg phenotype and function {#s4d}
---------------------------

DO11.10 Treg cells were cultured alone in the upper chamber of transwell plates and with WT or IL-2^−/−^ (B6 background) DCs in the lower chamber of transwell plates. Cells were harvested from upper and lower chambers and treated with Live/Dead Fixable Dead Cell Stain (Invitrogen, Life Technologies), blocked with anti-CD16/32 (eBioscience) and stained with anti-Thy1.2-APC/anti-CD25-PE or isotype control Ab Rat IgG2a-APC and Rat IgG1-PE (BD Biosciences), fixed and permeabilized using Foxp3 Staining Buffer Set (eBioscience), and stained with anti-Foxp3-FITC or isotype control Rat IgG2a-FITC (eBioscience). CD25 and Foxp3 were measured on gated live Thy1.2^+^ cells by flow cytometry.

To measure Treg suppression of CD4 T-cell proliferation, naïve conventional CD4+ T cells (CD4^+^CD25^−^CD62L^+^) from C57BL/6 mice were labeled with CFSE (1 µM, Sigma-Aldrich) and cultured for 4 d at 1×10^5^ cells/ml in 12×75 mm polystyrene tubes in RPMI complete media with anti-CD3ε (0.3 µg/ml, 145-2C11, eBioscience) along with purified DCs from WT or IL-2^−/−^ (B6 background) mice (2.6×10^4^ cells/ml), with or without purified C57BL/6 CD4^+^CD25^+^ Treg cells (2.6×10^4^ cells/ml). Cells were harvested, blocked with anti-CD16/CD32 then stained with anti-CD11c-APC and anti-CD4-APC-Alexa750 (all from eBioscience). Hoechst 33258 (Sigma-Aldrich) was added for live/dead discrimination. Proliferation of CFSE-labeled conventional CD4+ cells (Teff) was measured on BD-LSR II flow cytometer and analyzed using FlowJo software (Tree Star, Inc.). In other experiments DO11.10 Treg (10^4^ cells/ml) and CFSE-labeled Teff cells (10^5^ cells/ml) were cultured with 10^4^ allogeneic DCs from WT and IL-2^−/−^ (B6 background) mice with or without OVA peptide 323--339 (100 µM, Sigma-Aldrich) for 4 d in 12×75 mm polystyrene tubes in RPMI complete media and proliferation of Teff was measured as above. Proliferation was measured by flow cytometry, and the % of Treg suppression of Teff cell proliferation was calculated by:

To measure Treg suppression of CD4 cell IL-2 production, 10^5^ DO11.10 CD4^+^CD25^−^ Teff were stimulated with 10^4^ allogeneic DCs from WT and IL-2^−/−^ (B6 background) mice overnight in 96-well plates with or without co-cultured 10^4^ DO11.10 CD4^+^CD25^+^ DO11.10 Tregs. In some experiments anti-CD25 (PC61) or isotype control Rat IgG1 (both BD Biosciences) was added (3 to 30 µg/ml). In other experiments recombinant murine IL-2 (eBioscience) was added (100 to 1000 U/ml). Cells were harvested, washed, then replated on IL-2 ELISPOT plates for 24 h. IL-2 spots were developed and quantified by ImmunoSpot (Cellular Technology Limited).

Confocal microscopy {#s4e}
-------------------

Foxp3-GFP Treg cells from C.CgFoxp3tm2Tch/J mice were stimulated with anti-CD3 (1 mg/ml) and unlabeled BALB/cJ splenic DCs for 6 h in presence or absence of unlabeled anti-CD25 antibody (PC61, 30 µg/ml). Live cell confocal imaging was performed using Leica TCS SP2 inverted confocal microscope (Leica Microsystems, Wetzlar, Germany). After identifying DC:Treg conjugates, anti-CD25-APC (7D4, Southern Biotec, Birmingham, AL, USA) was added to cultures and conjugates were imaged. Normarski differential interference contract (DIC), GFP and APC channels were collected sequentially at 0.3--0.5 micron z steps. LCS Lite software (Leica Microsystems) was used to quantitate CD25-APC intensity on Treg membrane not contacting and in contact with DC.

Tracking and transfer of IL-2 between DCs and Tregs {#s4f}
---------------------------------------------------

To visualize the transfer of IL-2 between DCs and Tregs by microscopy, BMDCs were transfected with IL-2mCherry or mCherry-expressing plasmids using Lonza/AMAXA-Immature DC Nucleofection Kit according to manufacturer\'s specifications. In detail, engineered primers were used to delete the IL-2 gene stop codon, and the amplified product was sub-cloned into P-mCherry-N3 and related plasmids. These plasmids encoding IL-2 fluorescent fusion proteins were transfected into CD11c^+^ enriched, BMDCs by Amaxa nucleofection. We measured cytokine-induced proliferation of the HT-2 cell line (ATCC\# CRL-1841) and CD25 up-regulation on Tregs to confirm that IL-2-mCherry and IL-2 had similar biological activity (not shown). Transfected DCs from BALB/c mice were washed and co-cultured for 24 h with purified and CFSE-labeled DO11.10 CD4^+^CD25^+^ Tregs or conventional CD4^+^ cells (CD4^+^CD25^−^, Teff) and OVA peptide 323--339 (100 µM, Sigma-Aldrich). Live-cell epifluorescence imaging was performed to track IL-2mCherry uptake by Tregs and Teff utilizing Olympus X-81 microscope with temperature and CO~2~ environmental controls and SlideBook software (Intelligent Imaging Innovations, Denver, CO, USA). To quantify the transfer of IL-2 from DCs to Tregs, BMDCs from IL-2^−/−^ B6 mice were transfected with IL-2mCherry or control mCherry plasmid, washed and co-cultured with purified DO11.10 CD4^+^CD25^+^ Tregs or DO11.10 conventional CD4^+^ cells (CD4^+^CD25^−^, Teff) in transwell culture plates with or without 30 µg/ml anti-CD25 (PC61, BD Biosciences) for 24 h at 37°C and 5% CO~2~ in triplicates. DCs were cultured in the lower chamber of the transwells. Tregs or Teff were cultured in both the lower and upper chambers. Anti-CD3 antibody (10 µg/ml) was added to the wells with Teff to further upregulate CD25 expression so that CD25 expression on Tregs and Teff were comparable. The DC:T cells ratio was between 1--1.6∶1. Cells were collected from top and bottom wells, blocked with anti-CD16/CD32 (eBioscience) and stained with anti-CD25-PE and Thy1.2-FITC or isotype control antibodies: rat IgG2b, κ-FITC, and rat IgG1, λ-PE (all eBioscience). Hoechst 33258 (Sigma-Aldrich) was added to discriminate live and dead cells. Cells were analyzed by BD LSR flow cytometer and FlowJo software (Tree Star, Inc.). Mean fluorescent intensity of mCherry and CD25 of Thy1.2^high^ gated cells was expressed as mean ± SEM.

Statistical analysis {#s4g}
--------------------

Data on the frequency of spontaneous IL-2 secreting BMDCs and Treg interference of DC secretion of IL-2 were analyzed using one-way, repeated measures ANOVA and Tukey\'s test for single-step, pairwise multiple comparison procedure. Mean fluorescent intensities of Foxp3 levels on Thy1.2-gated Tregs were compared using Student\'s *t*-test, or as specified in results, using SigmaStat software (San Jose, CA). Data for Treg suppression of MLR-IL-2 response were analyzed using the Holm-Sidak method of multiple pairwise comparisons or Tukey\'s test for pairwise comparison.
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